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STRENGTHOF TUBINGUNDERCOMBINEDAXIAL

ANDTRANSVERSELOADING.

By L. B. ‘lucke,rznan,S. N. ?etrenko,andC.D. Johnson.

Forthepasttwo

atio’nwi’ththeBureau

andwit%theNational

yearsthe”Bureauof Standards,’incooper–

of Aeronauticsof theNavyDepsxtment,

AdvisoryCommitteeforAeronautics,has

beencarryingouta systematicstudyof thestrengthof dur~~in __

andchrome-molybdenumsteelroundtubingin combinedtransverse

andaxislloading.

Theprogramof testsas originallyplannedcoveredthefol-

lowingvsziables:

Material:

Diameter
of tubes:

Thickness
of wall:

DurslumintubescomplyingwithNavyDepartment -.

SpecificationNo.44-A-2,October1, 1926*and

AlloySteeltubescomplyingwithU.S.fimy”Air

ServiceSpecificationNo.10231-B,June21,

1926.**

1, 1-1/2and2 inchesoutsidediameter.

Fromabout1/70to about1/5theoutsidediameter.

*Thisma,teri~alsocomplieswithArmylfaTj7specifi,CatiOll~{0.
AN9092(1929issue).

**IdenticalwithU.S.ArmyAirServiceSpecificationNo.57-180-2,
December8, 1926.
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Lengthof
specitnen:Foreachof thethreediametersandforeach

thicknessof wallthe1, 15,30,50,75,100,

(].)and120slenderness ratios.F]

Loadingconditionsandobservationsmadeduringthetest:

In thetransversetestthespecimenswere supportedas sirfi-

plebeamsandloadedat twopointseachone-thirdthespanfrom

thereactions.Boththeloadandthedeflectionwererecorded.

In cclumnteststhespecimenswereloadedby axialcompress-

iveloadsusingsphericalloadingblockssothatthespecimen

was a l’roVndend”column.Theloadsandthedeflectionsat right

angleswererecorded.
●

In thecombinedcolumnandtransverseteststhespecimens

h wereloadedtransverselyas forthetransversetestswithloads

whichwerea givenfraction~ of theultinatetransverseload

previouslydetermined.Thisfractioncf theultimatetr~sverse

loadwas m = 20,40,60, and80 percent.

Axialcompressiveloadswereappliedas fortheCCIUETJZ

testsuntil.failureoccurred.

Themaximumaxialloadandthecorrespondingdeflectionof
. the specimenwererecorded.*

Numberof
specimens:Twoduplicatespecimensforeachloadingcondi-

tion.

Thetestsso farcarriedouthavecoveredduralumintubes

P 1-1/2 in.outsidediameterwithwdl thicknesses0.032,0,049,
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0.058,and0.072in.;andchrome-molybdenumsteeltubes1 in.

outsidediameterwithwallthicknesses0.035,0.049,and0.188

in.*; 1-1/2in.outsidediameterwithwallthicknesses0.049,-’
0.065,0.083,and0.281in.*;and2 in.outsidediameterwith

wallthicknesses0.065,0.083,and0,095in.

Thesedatahavebeenstudiedinmanywaysin an effortto

drawfromthemconclusionsof generalvalidity,andby a combi-

nationof theoreticalandempirioalreasoningithasbeenfound

possibleto combinethemintoa formbothsuitableforpraotical

use andadaptedto furtherstudy.

B as i s of Study

Axialload: A previousunpublishedstudyof columnaction

basedon theKsxman-Engesserdoublemodulus

theoryhad shownthat,in caseswheresecond-

aryo+detailfailuredidnotoccur,thedata

on columntestswerebestcomparedby thein-

troductionof twonewvariables:

where -1 isF

fc
and g=— Fe

theslenderness

equivalentIlroundendflcolumn,

ratioof the

tkTh~testson O-188in.~d 0:281in.wall thicknessae 13-OtCOrW

i“ -pletedandtheexperimentaldataon thesetubeswerenotin-cludedin theattacheddiagram.
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E = Young!sk~odulusforthematerial!

4

~30,000,000 lb./sq.in.forsteel,

10,000,000lb./sq.in.forduralumin), ..

fc = thecolumnstrength,i.e.se~~~nc~o~dea,

Fc = thelimitingvalueof thecolumnstrength

forlowvaluesof ~ beforepick-up

occurs.
.

Formaterialswitha well-markedyieldpoint Fc is known

to be practicallyidenticalwitht,heyieldpointof thematerial

in tensionwhentestedat slowspeeds.

By theuseof thesevariables,columnsmadeof materials

of markedlydifferentphysicalpropertiescouldbe directlycoza-

paredwitheachother.Formaterialswhosestress-straincurves

areaffinecurves,identicalA, a curvesshouldbe expeoted,

althoughtheiryieldpointandmodulusof elasticitydiffer

widely.

Innoneof thetubestestedwas

t secondaryor detailfailureaffected

thereanyindicationthat

themeasuredloadsso that

it seemedreasonableto applythisanalysisto thedata.

On plottingtheresultsof allof thepurecolumntestsof

chrome-molybdenumsteeltubingon thisbasis(Figure1),itwas

foundthatallof thepointsgroupedcloselyarounda single

curveexceptin theneighborhoodof A = 1, wherefromtheoret-

icalconsiderationsaswellas experiment~datathewidest

scatter,causedby theunavoidablev~iationsin thematerialor
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unavoidablesmallexcentrici.tiesinthetubes,wasto be expected.

Theagreementwasmuchcloserthanbetweenthecurvesfor ~ and

fc (Tigure3).

Plottingon thesamebasis(Figwe2) theresultsforpure

columnloadon theduralumintubing,thecmve coincides,as

shouldbe expected,withthatforchrome-molybdenumtubingfor

valuesof L + 1.4 (Eulerrange)but fallsnoticeablybelowit

in theneighborhoodof A = 1. ‘Thisdifferencemighthavebeen

anticipatedbecauseof thedecidetflydifferentshapeof the

stress–straincurvesof thetwomaterialsanditexcludesthe

possibilityof makinga singleseriesof curvesof thistype

serveforboththeduraluminandchrome-molybdenum.tubing,

~ - Modulusof rupture

No clearrelationshipbetweentheshapeof specimen,stress-

stiraincurveof the

yet beenfound. It

shapedspecimensof

curves,themodulus

materialandthemodulusof rupturehasas

haslongbeenknownthatforidentically

ductilematerials,withsimilarstress-strain

of ruptureis closelycorrelatedwiththe

tensilestrength,sothata linearcorrectionof themodulusof

rupturefortensilestrengthovera limitedrangeof tensile

strengthgivesmuchmoreconcordatresults.Theknown.correla-

tionbetweentensilestrengthandindentation(Brinell,Rockwell,

V@kers)numbershasthereforebeenusedin studyingthesetests

to corrector unavoidabledifferencesin thematerial.
.
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Theresultsshowthattheratioof themodulusof rupture

to thetensilestrengthdependsin a complexmanneruponthe $
-1ratioandtheslenderness()Y] ratio. Foreachmaterisland

eachdiameterof tube,trendscanbe observed,butthesecannot

as yetbe generalizedto coverothermaterialsandetherthick- —

nesses.Forinstance,for2-inchchrome-molybdenumsteeltubing

themodulusof rupturedecreaseswithincreasingslenderness

ratio,therateof decreasebeinggreaterthegreaterthewall

thickness.It alsodecreaseswithincreasingwall

therateof decreasebeinggreaterthegreaterthe

ratic.

thickness,

slenderness

For1-1/2inchdu~alumintubingat low slenderness

r themodulusof ruptureishig~erforthethickerwaled

andathighslendernessratioslower. For thethinnest.

\ratios

tubing

walls

tested(0.032in.,d~ = 47)themodulusof rupturechangesbut

little,increasingslightlywithincreasingslendernessratio.
* Forallthechrome–molybdenumtubingthemodulusof rupture

variesfrom20*

over26%higher

dernessratios.

to 40~higherthanthetensilestrength,being

forallexceptthetwo-inchtubingathighslen-

Inmarkedcontrast,themodulusof rupturefor

the1-1/2in.duralumintubingisnearlyequalto thetensile

strength.

Untilsomedefiniterelationshipbasedon experimentally

verifiedtheoretical.groundsor basedpurelyempirically
.

morecomprehensiveseriesof testsis found,it hasbeen

on a

thought
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bestto ignorethevariationin themodulusof rupturewithslen-

dernessratioand $ ratioandusea safeconstantvaluefor

theratiobetweenmodulusof ruptureandtensilestrength.

For chrome-molybdenumtubingthemodulusof rupturewasas-
“. sumed

mates

tubes

26.3*higherthanthetensilestrength.Thisunderesti-

by about12~thetransversestrengthof thin-walledshort

butno higherv~ue seemedstieto usegenerallysince

thevaluechosenoverestimatesby about8~ thetransverse

strengthof the2 in.,.095in.walledtubingat slenderness

ratiosof3’5andover.

;, Forduralumintubing1-1/2in.in diameterthemodulusof

-. rupturewasassumedequalto thetensilestrength.Thisover-

* estimatesby about82 thestrengthof light-m~ledshorttubes..
Withproperlychosenfactr~~sof safetytheseover~stimateswhich. *
arewellwithintheexperimentalerrorsshouldnotbe consid-

ereddangerous.

Lacking

Combinedtrmsverseandaxialloading

anysatisfactorytheoreticalbasisuponwhichto

analyzethesetests,a numberof empiricalmethodsforcombining

themhavebeentried. Finally,thee~erimentwasmadeofre-

ducingtheaxialstresses~d theslendernessratiosuponthe

samebasisasunderpureaxislloading,leavingthestressesdue

to transverseloadingunchsnged.Foreaohof thetransverse

loads (m= 20,40,60,arid80 where m istherati~of the

maximum.bendin~stress fb h themodulusof 2?LIPttUWR in
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per cent)theaxialstressfc, wascomputedfromtheexislload
f

at failureandthevalue a = ~FC computedwiththevalueof Fc

determinedfromthetestsunderpurelyaxi~ loading,Theslen- .

dernessratioswerereducedto vsluesof

A. 1 L*=
1-r
f

Er
~

Theresultingcurvesare&howninFigures1 and2. Itwillhe

noticedthatpointshavingthe sameslendernessratio“arescat-

teredoverdifferentvaluesof A in sucha m~er as to lie

muchmorecloselyto a singlecurvethanwhentheaxialstress

fc z (Figures3, 4,isplottedagainsttheslendernessratio ~

and5). Thisis

num steelcurves

Considering

tioninphysical

particularlynoticeableon thechrome-molybde-

wherethevaluesof Fc differedmokedly.

thedifficultyof thetests,thelargevaria-

propertiesof thetubesandtheirunavoidable

deviationsfromtheirnominal.dimensions,thesepointsrepresent-

ingtestson tubingof eightdifferentsizesrangingfrom49,900

to 63,500lb./sq.in.intensilestrengthforduraluminandfrom

97,~00to 150,500lb./sq.in.for“chrome-molybdenumsteelfallon

theaveragecurvesas closelyas couldbe expected.Thismethod—. .>.—
whichhasa theoreticalbasisQnlyforpurelyaxialloadsis

thereforeseento be empiricallya soundmethodforcombining

theresultsof combinedaxialandtransverseloadson thetubes

whiohwereso fartested.
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DesignCharts

The h, a curvesrepresentforanyconstantvalueof
. fb fc

Young!smodulus,relationsbetweenF’ ~ ‘d r Fc + where

R is themodulusof rupture.Fromthem,combinedchartsof m,

A, anda havebeenpreparedformaterialswhosestress-strain

curvesareaffineto these,but combinedchaxtsof fb, fcj~d
.L
F or anyfunctionsof themalonewoulddiffernotonlyin scale

but in shape,fordifferentvaluesof modulusof ruptureand Fc.

To convertthemintocurvesrepresentingrelationsbetweenfb>
●

f -1
C, and ~ it is thereforenecessaryto assignvaluesto the

modulusofruptureandto Fc.

Themodulusof ruptureforchrcme-molybdenumsteeltubing

was assumedas120,”000lb./sq.in.,whichis 26.3$higherthan —

the95,000ib./sq.in.minimumtensilestrengthprescribedin _

U.S.ArmyAirServiceSpecificationNo.1O-231-B,June21,1926.

Fordursluminitwasassumedas 55,000lb./sq.in.,theminimum

tensilestrengthprescribedin ArmyNavySpecificationAN9092

(1929issue).Theseassumptionsarebaseddirectlyon thetrans-
,

versetestsasnotedabove. ArmyNavySpecificationAN9092

(1929issue)prescribefordurslumin.tubing,a mtnimumtensile

yieldpoin~*(determinedaccordingto themethoddescribedin

thespecification)of 40,000lb./sq.in.

Ifduraluminshoweda well–markedyieldpointsuchas is——
*Note.-Thematerialf~nishedunderthisspecificationhasbeen

coldworkedafterheattreatment.If it is reheatedin
theprocessofmanufacture,allowanceshouldbe madef@r
theresultantdecreaseinyieldpoiti.
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structuralsteel,therewouldbe no questionthatthis

vslluewouldbe thepropervalueto assignto Fc forduralumin

boughtunderthesespecifications.As,however,theyieldpoint

of duraluminis notwellmarked,it isnecessaryto establish

a relationbetweenthevalueof Fe determinedfromthecolumn

testsandthetensileyieldpointof thematerial,determined

accordingto the sameprocedureas is specifiedforacceptance

testsof thematerial.

Forthematerialtestedthisrelationshipwasestablished

as follows: Theratio ‘ensile‘ieldpoint wascalculated,fromFe
thetestdataforeachsizeof tubing.Theserangedfrom1.108

to 1.319,giving1.231as theaverage.Thevalue1.25wastheze-

forechosenas a convenientandsafevalueforthisratiowith

theexperimentalerrors.Accordingly,

32,000-lb./sq.in.forduralumintubing

fictions.*

Fc wasassumedas

boughtunderthesespeci-

Becauseth&yieldpointof thechrome–molybdenumsteel

whichwaptestediswellmarked,Fe forchrome–molybdenumtub-

ingcansafelybe assumedequa3to thetensileyieldpoint.

Sincealsoitsratioto tensilestrengthishigh(average9~~),

it wouldbe possibletouse safelya highervaluefor Fc than

60,000lb./sq.in.(whichwasusedforthissteel)providedthe

higheryieldpointwasprescribedin the specifications.For
*Note.-Thereis reasonto believethatsmallerratioscouldbe
. usedformaterialnot coldworkedafterheattreatment,

butno directexperimentalevidenceis available.
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boughtunderthespecifications,however,60,000lb./

sq.in.wasassumed.

Usingthesevaluesof themodulusof ruptureR,

wascomputedfrom m. Withthesevaluesof Fc,
.,.

fb=m

wascomputedforvaluesof ~ in incrementsof 5 from30 to 120

andthe correspondingvaluesof a were read fromthefaired

curves(Figures6 and7). To obtainthesefairedcurvesforin-

termediatevslluesM m, auxiliarycurvesof equalA were

plottedinFigures8 and9. f. = 3’Ca wasthencomputedfrom

a. Thesevalueswereplottedwith fc as ordinatesand fb.
as abscissas(Figures10 and11)andfairedcurvesof equal z7. . valuesdrawnthroughthem. V~~es of equ~ fb werereadfrom

thesefairedcurves.Fromthemwerecomputedft = fb+ f. and
fb 1
g“ Thesevalueslocatedthepointson thecurvesof equal ~

andequ~ fb in Figures12 aid13 with ft as ordinatesand
fb
~ as abscissas.On thesediagramsthecurvesof equal fb

. arerectangularhyperbolas. .

Summsxyof PresentStatusof Investigation

1. A semi-empiricalmethodhasbeenfoundwhichsatisfac-

torilycombinesin a singlechartthetestresultson thethree

sizesof chrome-molybdenumtubing.
●

✎
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2. Thesamemethodworkssatisfactorilyon the1-1/2in.

duralumintubing,,butit is notyetknownwhetherit willwork

on 1 in.and2 in.tubing.

3. Thismethodhasmadeitpossiblesafelyto raisethe

designstressesin certainrangesof thediagramspreviously

workedoutby as muchas100~(seeTableI).

4. Ng methodhasas yetbeenfcundwhichwillsatisfacto–

rilycombineon a singlechartboththeduraluminandchrome-

molybd”enumtubingsothattheconclusionsdrawnfromthesecan-

not safelybe extendedto othermaterialswithdifferentstress-

straincharacteristics.

5. However,theconsistencywithwhichtheexperimental

pointsfallcloseto thefairedcurvesmakesit seemprobable

thatthismethcdwillproveto be moregenerallyapplicableand

willbe foundtc reston a soundtheoreticalbasis,

6. Themodulusof ruptureof thetubesasdeterminedin

thesetestsis foundto be clcselycorrelatedwithtensile

strengthbuttheratioof modulusof ruptureto tensilestrength

dependsin an asyetundeterminedwayuponthecharacterof the

material,theslendernessratioandthe 2 ratio~ Foreachma-

terialthemaximumrange.ofvariationof theratiois approxi-

mately20~, betweenthetwomaterials,duraluminandchrome-.
molybdenumsteel;thedifference”intheaversgeratiois approx-

.

.
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imately30%. If thelawof theserelationshipsco~d be sati-?-

factorilyworkedout,it wouldbe safeto raisethetransverse

stressesforsomedimensionsof tubesby approximately157?w

7. In thetubingso fartestedthemaximum ratiowas:

47. Up to thisvsluetherehas

imumloadshavebeefiinfluenced
.
ling)failure.In thecasesin

beenno indicationthatthemax-

by secondaryor detail(crump–

whichcrumplinghas occurred

ithasnever

passed. The

themaximum

appeareduntilafterthemaximumloadhadbeen

tests,therefore,giveno informationconcerning

: ratioswhichcanbe safelyused. It is inter-

.

●

estingtonoteinthisconnectionRobertsonlsconclusions(based

on testsup to ~ >300)* : ~lThattheordinarystrutformulas

maybe usedwithconfidenceforpracticalcalculationson tubu-

lar steelstruts,providedthattheratioof diameterto thick-

nessof tubewallislessthan100.’1Tubesof this : ratio

arenowbeingusedin aircraftconstructioninEngland.Itwould

be desirableto be ableto determinethelimitin thecaseof

combinedtransverseandaxialloading.

8. Si~cethetestshavebeenconfinedto circulaxtubing,

it isnotknownwhethertheyareapplicableto othershapes

suchas streamlineor squaretubing.

*SeeSouthwell,AircraftEngineering,Vol.I,p.136,1920.
Southwellby mistakesays‘motless,lrRobertsonactually
setsa higherlimit.
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TABLEI

Thereducedvaluesof fc for ~ = 120

A, a methodas corapaxedwiththeoldmethod*

stresses.

Material

Duralumin1-1/2in.

Chrome-molybdenum
steel, 1 in.
II 1-1/2in.
II 2 in.

fc

for m = O by

of reductionof

Old’method
lb./sq,in.

6,780

9

11,140

13,600

Bureauof Standards,
Washington,D. C.,

April13,1929.
●

.

h,omethod
lb./sq.in.

6,800

20,600

20,600

20,600

14

Increase
of ~by

L,a method
per cent

0.3

115.8

85.0

51.4

.

.

*~heold-methodconsistedin reduoingallaxialstressesin
specificationyieldpointproportionto {0

columnstrengthof shortspecimens
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Legendsfor
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Figures

Fig.1. Relationshipsbetweenh and a for1 in.,1-1.2in.,
and2 in.chrome-molybdenumsteeltubesfordifferent

where # = slendernessratio,,.

E = youngtSmodulus,lb./sq.in.,

Fc= columnstrengthof,shortspecimensin a pure
columntest,lb./sq.in.

fc= axialload lb./sq.in.sectionalarea‘

fb = bendingstressdueto tramverseloadalone,
lb./sq.in.

R= modulusof rupture,lb./sq.in. .

m iS expressedinpercent,

Fig.2. Relationshipsbetween”A and CJfor1-1/2in.duralumin
tubesfordifferentvaluesof m. Fornotations,

seeFigure1.

Fig.3.

tubesin

.

Experimentalv ues of f
Y

for1-1/2in.duralumin
and1 in.,1-12 in.and~ in.chrome-molybdenumsteel
purecolumntest (m= O).

.
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Fig.4. ‘~mde~i~~t~ ‘~ues of f~ for1-1/2in.duralumin
.,1-1/2in., and2 in.chrome-molybdenum

steeltubesin combinedtestfor m = 20. Fornotations,see
Figure3.

Fig.5. Experiment&1v uesof
F

fc for1–1/2in.duralumin
and1 in.,1-12 in.and2 in.chrome-molybdenum

steeltubesin combinedtestfor m = 40,60,and80. For
notations,seeFigure3.

.

Fig.6. Fairedvaluesof a forchrome-molybdenumsteeltubes.

Fig.7. Fairedvaluesof a fozduraluiiintubes.

Fig.8. Relationshipsbetweenthefairedvaluesof‘ISand m
for givenconstantvaluesof X forchrome-molybdenum

steeltubes.

Fig.9. Relationshipsbetweenthefairedvsluesof a and m
forgivenconstantvsluesof A fordurslumintubes.

Fig.10. Relationshipsbetweenthereducedvaluesof fc and
fb for1 in.,1-1/2in.,and2 in.chrome-molybdenum

steeltubes. Thestressesobtainedfromthischartrepresent
the stressesatwhichchrome-molybdenumsteeltubing,complying
withU.S.ArmyAirServiceSpecificationNo.57-180-2,December
8, 1926,maybe expectedto failunderthecorrespondingpropor- .
tionsof transverseandaxialloads. Theycontainno allowance
fora Ilfactorof safety.11TheproperIlfactorof safetylfshould ._,_
be providedby themethodof designcomputationused.

Fig.11. Relationshipsbetweenthe.reducedvsluesof fc and
fb for1-1/2in.duralumintubes. The stressesob-

tainedfromthischartrepresentthestressesat whichduralu-
min tubing,complyingwithArmy Navy SpecificationNo.AN9092,
1929issue,maybe expectedto failunderthecorrespondingpro–
portionsof transverseandaxialloads. Theycontainno allow-
ancefora IIfactorof safety.~1Theproper‘lfactorof safety[’
shouldbe providedby themethodof designcomputationused.
Thematerialfurnishedunderthisspecificationhasbeencold-
wdrkedafterheattreatment.If it is reheatedin theprocess
of manufacture,
creaseinyield

allowanceshouldbe madefortheresult-~tde-
point. .
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Fig.12,

and2 in,
fromthis
num steel

Relationshipsbetweenthereducedvaluesof ft and
<b/ft, where ft ‘fc+fb for 1 in.,1-1/2in.,
chrome-molybdenumsteeltubes. Thestressesobtained
chartrepresentthe stressesat whichchrome-molybde–
tubing,complyingwithU.S.ArmyAirServiceS~ecifi-

co.tionNo.57-180-2,hecember8, 1926,maybe expectedt~ fail
underthecorrespondingproportionsof transverseandaxial
loads. Theycontainno allowancefora l~factorof safety.}f
Theproper“factorof safetyl!shouldbe providedby themethod
of design

Fig.13.

computationused.

Relationshipsbetweenthereducedvaluesof f+ and
fdft, where ft = fc+ fb for1-1/2in.dur~min

tubes. Thestressesobtainedfromthischartrepresentthe
stressesatwhichduralumintubing,complyingwithArmyNaw
SpecificationNo.AN9092,1929issue,maybe expectedto fail
underthecorrespondingproportionsof transverseandaxial
loads. Theycontainno allowancefora Ilfactorof safety.!’

. Theproper“factorof safety~tshouldbe providedby themethod
of desigrzcomputationused. Thematerialfurnishedunderthis
Specificationhasbeencold-workedafterheattreatment.If it
is reheatedin theprocessof m~ufacture,&llowanceshouldbe
madefortheresultmtdecreaseinyieldpoint.

.
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